1
INTRODUCTION 1
The Atlantic herring (Clupea harengus) is a model system to study the genetic 2 basis for ecological adaptation and the consequences of natural selection 3 (Martinez Barrio et al., 2016; , Lamichhaney et al., 2017) . A major merit of this 4 system for evolutionary studies is the minute genetic drift due to the enormous 5 population size facilitating the detection of how natural selection affects the 6 populations. The Atlantic herring is in fact one of the most abundant vertebrates 7 on Earth, with schools comprising more than a billion individuals and an 8 estimated global population in excess of 10 11 fish (Feng et al., 2017) . It is also one 9 of very few marine species to successfully colonize the Baltic Sea, a brackish 10 body of water formed after the last Ice Age, giving rise to the phenotypically 11 distinct Baltic herring classified as a subspecies of the Atlantic herring. 2016; , Lamichhaney et al., 2017) . In contrast, there is essentially no genetic 17 differentiation at selectively neutral loci even between geographically distant 18 populations, a fact documented already by isozyme and microsatellite analyses 19 (Andersson et al., 1981; Larsson et al., 2010; Limborg et al., 2012; Ryman et al., 20 1984 ) and verified by whole genome sequencing and Fst analysis (Lamichhaney 21 et al., 2012; Lamichhaney et al., 2017) . However, while the signals of selection 22
were strong, the fragmented nature of the draft genome made it challenging to 23 determine the number of independent loci under selection as well as studying 24 the impact of large-scale inversions and other structural variations. 25 6 PacBio assembly, and it was sequenced on a BGISEQ-500 sequencer. Mapping 1 with Juicer v1.5.6 (Durand et al., 2016b) yielded 99 million informative Hi-C-read-2 pairs, which were used to scaffold the PacBio de novo assembly into 3 chromosome-level organization using the 3D-DNA workflow pipeline 4 (Dudchenko et al., 2017) followed by manual correction using Juicebox v1.9. 8 5 (Durand et al., 2016a) . The output assembly was polished using Pilon v1. 22 6 (Walker et al., 2014) , based on 50x Ilumina paired-end coverage from the same 7
individual. Finally, a custom R script was applied to eliminate a set of small, 8 nearly identical repeats that were deemed likely to be redundant haplotypes 9 based on analysis of the mapped read depth of a set of Ilumina short reads from a 10 previously sequenced herring population (Martinez Barrio et al., 2016) . This 11 procedure eliminated in total 6.9 Mb (removed fragments are available as 12
Supplementary Data S1). The entire assembly workflow is outlined in Figure 1 . 13
The resulting assembly version constitutes release v2.0.2, with the parts that 14 could not be linked to the 26 chromosomes included as unplaced scaffolds. 15
Summary statistics of the involved assemblies can be found in Table 1 , while the 16 size distribution of the assembled chromosomes is in Table 2 . We assume that 17 the 26 super-scaffolds correspond to chromosomes and have named these chr1-18 chr26 based on the size of the super-scaffold. 19 20 21 7 with the genome assembly and the linkage map confirmed the linear order of 7 genomic segments along the chromosomes. The total length of the sex-average 8 linkage map was 1,660 cM and the average recombination rate was 2.54 cM/Mb 9 ( Table 2 , sex-specific maps in Supplementary Table S1 ); the male map was 13% 10 longer than the female linkage map. The fact that the herring genome is 11 composed of 26 chromosomes and the total map distance is 1,660 cM imply that 12 there is slightly more than one recombination event per chromosome pair in 13 each meiosis (26 x 50 cM = 1,300 cM). The chromosomal linkage maps showed a 14 consistent pattern of non-uniform recombination rate across chromosomes, with 15 the typical case being an L-shaped map where one section, in many cases 10 Mb 16 or more in size, displays little to no recombination (Figure 2 a, b). In essence, it 17 seems most chromosomes have one hot side and one cold side in terms of 18 recombination rate. However, on the population level linkage disequilibrium 19 (LD) still decays in the cold regions (data not shown), indicating that there is not 20 a complete repression of recombination but rather a moderation of its frequency. 21
The linkage map for chromosome 8 is shown in Figure 2b , and all maps are in 22
Supplementary Figure S1 . Out of the 26 pairs, three were determined to be 1 metacentric or submetacentric, while the remaining 23 were reported to be 2 acrocentric. Based on the recombination profile observed across the Atlantic 3 herring chromosomes, we assume, based on the situation in many other species, 4 that the recombination rate is relatively low towards centromeres and relatively 5 high towards telomeres. Therefore, we suggest that chromosomes 3, 20 and 22 6 are metacentric, as the profile is shaped like a "U" rather than an "L" as is the 7 case for most other chromosomes ( Figure 2 1  2  3  4  5  6  7  8  9  10  11  12  26  25  24  23  22  21  20  19  18  17  16  15  14  13 14 Additionally, we used SatsumaSynteny (Grabherr et al., 2010) to reveal 1 collinear segments exceeding 1 Mb in size in pair-wise comparisons among the 2 nine species of vertebrates including the Atlantic herring ( Figure 3c ). By 3 intersecting the positions of such co-linear fragments, we note that the amount 4 of overlap by far exceeds expectation, under a model that the distribution of 5 these regions is independent among the different species pairs, for all numbers 6 of overlapping species greater than three (Supplementary Figure S2a ). This 7 expectation is based on the extent of the co-linear regions of 1 Mb or larger in 8 each pairwise comparison, which ranges from ten to five percent when 9
comparing Atlantic herring to other teleosts to less than one percent in 10 comparisons with chicken and human. If the outcome of all comparisons were 11 independent, we do not expect any regions where all nine species have a co-12 linear block, whereas the observed case is one such block, spanning 1.66 Mb on 13 chromosome 6 in herring co-ordinates and corresponding to a 5.5 Mb region on 14 human chromosome 16 (Supplementary Figure S2b) . For both the chicken and 15 humans there are only two co-linear, as compared to the herring assembly, blocks 16 detected across the genome, and in both cases one of the two is located at this 17 region. In the teleosts, there is an additional region on chromosome 2 that is 18 shared, as well as a few that are shared in six out of seven species. In addition to 19 the amount of overlapping sequence, the endpoints of the overlapping blocks are 20 often closely aligned, which is not expected under a model where re-21 arrangements occur at arbitrary locations. Finally, the pattern is not driven by 22 rearrangements unique to the herring genome or caused by errors in the current 23
assembly. An analogous analysis among the other species involved show there 24 are many rearrangements between each pair included in the study (data not 25 showed that the SNPs most strongly associated with variation in spawning time 3 are located immediately adjacent to the gene coding for the thyroid-stimulating 4 hormone receptor (TSHR) (Figure 4c ). However, the gene model in the 5 annotation of the v1.2 genome was truncated compared to homologues from 6 other species. In order to improve the gene model to properly interpret the 7 effects of the associated SNPs, we performed 5' and 3' RACE experiments, and 8 can now present a complete annotation of the herring TSHR gene (Figure 4d ). 9
This shows that the five SNPs denoted TSHR_1 to -5, which span the strongest 10 genome-wide association peak to spawning time, are located within TSHR or 11 within 15 kb upstream or downstream of the gene (Figure 4d ). 12
13
Identification of a supergene on chromosome 12 14 The pattern of linkage disequilibrium (LD) across the herring genome were 15 analyzed in more than 1,170 individuals collected as part of a high school project 16 Led by the LD patterns revealed in the population data, detailed 1 examination of the pedigree data used to construct the linkage map revealed an 2 elevated frequency of heterozygous SNPs in one out of four parents across the 3 putative inversion, a pattern that was repeated in 28 out of 50 of the offspring in 4 that family, consistent with proper Mendelian inheritance. Assuming that the 5 high-heterozygosity parent and offspring were, in fact, heterozygous for the 6 proposed inversion allowed us to deduce supergene haplotypes and use these to 7 genotype all individuals in the pedigree. This, in turn, made it possible to 8 genotype even unrelated individuals, based on their similarity, measured as an 9
average of the SNP genotypes over the region, to the two reference haplotypes; 10 these were denoted Northern (N) and Southern (S) based on their geographic 11 distribution (see below). We applied this to the set of 1,170 fish collected from 12 20 sites around the coast of Sweden. Finally, by analyzing LD patterns in the 13 groups of individuals determined to be homozygous for different haplotypes, we 14 noted a lack of strong LD across the entire region in both groups (Figure 5b , 15 middle and bottom). This indicates that recombination occurs between 16 chromosomes of the same class but is strongly repressed in heterozygotes, which 17 is the expected pattern for an inversion but not if recombination is generally 18 suppressed in the region for other reasons. 19 We carefully examined reads from whole genome sequence data from 20 individuals with different genotypes in an attempt to identify inversion break 21 points. We identified inverted repeat patterns at both ends of the putative 22 inversion block (Supplementary Figure S3 ). For the putative breakpoint at 17.9 23
Mb, we found short-read mismatch patterns at the edge of this repeat (position 24 17,826,318 bp) that correlated perfectly with the SNP-based supergene genotype 25 24 ( Figure 5c ). No short-read mismatches (e.g. soft-clipped reads) was identified in 1 individuals classified SS homozygotes, consistent with the fact that the reference 2 assembly is based on the S haplotype. In contrast, 50% and 100% of the short 3 reads from NS heterozygotes and NN homozygotes, respectively, were 4 mismatched at this position. Thus, we consider this as a putative inversion 5 breakpoint, but at present we cannot exclude the possibility that this is a 6 structural variant in complete LD with the true breakpoint. We were not able to 7 identify similar mismatched reads at the other breakpoint (around 25.6 Mb) due 8 to the high repeat content. Taken together, these observations support the 9 hypothesis that the extremely strong LD in this region is in fact caused by an 10 inversion and that the inverted repeats have facilitated its occurrence. 11
Examining individual SNP allele frequencies in each group of locus-wide 12 homozygotes, we were able to determine that a fraction of the SNPs within the 13 interval were shared between the two haplotype-groups. This is not expected of 14 a canonical inversion with a single origination event and with complete 15 suppression of recombination. Thus, some amount of genetic exchange must be 16 ongoing between the two haplotypes. We identified diagnostic SNPs that were 17 essentially fixed for different alleles in the two haplotype-groups and shared 18
SNPs that were segregating in both groups. As indicated in Figure 5d , the relative 19 proportion of diagnostic (red) and shared (blue) SNPs varies along the region 20 with an enrichment for diagnostic SNPs at each end of the interval, and a peak of 21 shared SNPs, and corresponding lack of diagnostic SNPs, around position 23. 5 22 Mb. Supplementary Figure S4 shown as purple dots in Figure 5d . There is also a residual long-range LD among 7 "Northern" homozygotes over the same sub-region (Figure 5b) . Interestingly, the 8 end of this region is close to the region where the peak for the proportion of 9 shared SNPs is located. 10
We constructed a genetic distance tree for the supergene region based on 11 individual whole genome sequence data (Figure 5e ); the color of each leaf in the 12 tree corresponds to the supergene-type. This shows the expected clustering of 13 the two supergene-types (N or S), while the heterozygotes (H) are positioned in 14 between. Notably there is one individual that carries one copy of the partial 15 inversion haplotype (R) discussed above, with an estimated breakpoint in 16 exactly the same region as predicted for the 12 out of 1,170 individuals 17 genotyped using the SNP chip. The tree also reveals that the inversion must have 18 occurred well after the divergence from the Pacific herring, because the two 19 alleles are equidistant from alleles found in Pacific herring (Figure 5e ). The 20 nucleotide diversity inside each haplotype group is lower than the genomic 21 average of 0.3%, which is consistent with both lower effective population size, 22 due to restricted recombination, for this region compared to the rest of the 23 genome, as well as a bottleneck when the inversion was formed. 24 26 A heat map based on diagnostic SNPs, deduced from individual whole 1 genome sequence data, from the inversion region support the notion that the 2 two haplotype groups evolved subsequent to the split between Atlantic and 3
Pacific herring and illustrates the extreme LD across the region (Figure 5f Using the SNPs found to be essentially fixed for different alleles in the Northern 13 and Southern haplotype groups, i.e. those SNPs found in the lower-right corner of 14 Figure 6a , we traced the frequency of each haplotype also in pooled samples, by 15 using the average allele frequency at these diagnostic SNPs as a proxy for the 16 frequency of these haplotypes. The frequencies obtained with this method were 17 consistent with the individual classification. 18
The 7.8 MB region contains 225 genes, with an additional approximately 19 10 genes located in flanking positions on the outside of the estimated breakpoint 20 positions. Given the size of the region, it is difficult to determine which genes and 21 or variants that contribute to the fitness effects of the inversion, but, based on 22 the disruption of the local context, genes near the breakpoints are more likely to 23 have their functionality affected. Thus, the genes closest to the two breakpoints 24 are listed in Supplementary Table S2 . The estimated haplotype frequencies in the pooled data, which covers a 1 wide range of herring populations, revealed a highly significant genetic 2 differentiation among populations (Figure 6b,c) . There was a consistent trend in 3
West Atlantic, East Atlantic and in the Baltic Sea that the populations spawning 4 most northerly had a very high frequency of the Northern haplotype while the 5 Southern haplotype dominated in populations spawning more southerly. The 6 only exception to this trend was a few populations in Southern Baltic Sea that 7 had a high frequency of the Northern haplotype. The most extreme population 8 almost fixed for the Southern haplotype was the one representing autumn-9
spawning North Sea herring (NS in Figure 6b ). This strong genetic differentiation 10 is never observed at selectively neutral loci among the populations included in 11 this analysis (Lamichhaney et al., 2017; Martinez Barrio et al., 2016) , which 12 provide conclusive evidence that this supergene polymorphism must be under 13 selection, possibly related to temperature at spawning, which is known to be a 14 major stressor for the southernmost and high temperature exposed herring 15 populations (Ojaveer et al., 2015; Peck et al., 2012) . 16 
17

DISCUSSION 18
Integrity of the assembly 19
The overall organization of the assembly presented here is mainly supported by 20 two separate observations: the one-to-one correlation between putative 21 chromosomes and independently determined linkage groups, and the discrete 22 blocks detected in the Hi-C contact map. Based on these two datasets, we are 23 confident that the 26 super-scaffolds present in the assembly match the 26 24 physical chromosomes identified by karyotyping of the Pacific herring (Ida et al., 25 30 1991), a sister taxa to the Atlantic herring. Furthermore, the high quality of the 1 assembly is strongly supported by the very high degree of conserved synteny 2 between our Atlantic herring genome and those of other teleosts (see below). The probability that a chromosomal rearrangement becomes fixed in a 23 species will depend on how the rearrangement affects fitness, and both positive 24 and negative selection may occur. It can do this in two ways, one is that the 25 31 rearrangement may affect gene regulation by changing chromatin organization. 1 This is, for instance, well illustrated by mutations affecting comb morphology in 2 chickens that are all caused by structural rearrangements leading to ectopic 3 expression of transcription factor genes (Dorshorst et al., 2011; Imsland et al., 4 2012; Wright et al., 2009) . The other way is that in heterozygous carriers, the 5 rearrangement per se may increase the occurrence of unbalanced gametes and 6 therefore cause reduced fertility. Translocation heterozygotes in particular often 7
show impaired fertility while small inversions (<30% of a chromosome arm) has 8 small or no negative effect on fertility (Morin et al., 2017) . Thus, an explanation 9 for the difference in the relative abundance of inter-and intra-chromosomal 10 rearrangements among vertebrate groups could be due to differences how the 11 two types of rearrangements affect meioses. The probability that a chromosomal 12 rearrangement, despite a negative effect on fertility, goes to fixation also 13 depends on population structure because it is more likely to happen due to 14 genetic drift in a small population than in large panmictic populations like those 15 in the Atlantic herring. The very high degree of conserved synteny among 16 teleosts shows that interchromosomal rearrangements have not been an 17 important mechanism promoting speciation and diversification in fish. 18
Despite the common occurrence of intrachromosomal rearrangements 19 among teleosts we noted a highly non-random pattern where chromosomal 20 breakpoints occur, leaving megabase regions where the linear order is unbroken 21 across species, sometimes also including conservation of gene order in avian and 22 mammalian genomes. This is most likely caused by the presence of long-range 23 regulatory domains and co-regulated clusters of genes. 24 25
